J. Phys. Chem. @007,111,12031-12037 12031

Electrokinetic Hydrogen Generation from Liquid Water Microjets
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We describe a method for generating molecular hydrogen directly from the charge separation effected via
rapid flow of liquid water through a metal orifice, wherein the input energy is the hydrostatic pressure times
the volume flow rate. Both electrokinetic currents and hydrogen production rates are shown to follow simple
equations derived from the overlap of the fluid velocity gradient and the anisotropic charge distribution resulting
from selective adsorption of hydroxide ions to the nozzle surface. Pressure-driven fluid flow shears away
charge balancing hydronium ions from the diffuse double layer and carries them out of the aperture. Downstream
neutralization of the excess protons at a grounded target electrode produces gaseous hydrogen molecules.
The hydrogen production efficiency is currently very low (ca—8) for a single cylindrical jet but can be
improved with design changes.

Introduction example, water, through a metal orifice, charges can be separated
and transported in the liquid to create an electrokinetic (stream-
ing) current. Early in the 20th century, Dolezalek investigated
the electrification of benzene in metal pifgsBy mid-century,
streaming currents were identified as the cause of otherwise
mysterious petroleum industry explosidrisMore recently,

The increasing financial and environmental costs of fossil
fuel usage have stimulated a major campaign to develop
economical alternative energy sources. Hydrogen is envisioned
to become a major component of world energy within the 21st

century due to its high combustion efficiency, nonpolluting Kwok and others have used streaming currents to generate
chemistry, and renewability. While several major technical . T Ning o9
electrical powef; 11 with Kwok describing the design of an

problems remain to be solved, the principal obstacle to “electrokinetic microchannel battery”. In the present stud
widespread implementation of “The Hydrogen Economy” is . . prese Y,
streaming currents are used to convert hydrostatic pressure

arguably the high cost of productionThere are about 90 directly into both electrical energy as well as stored chemical
currently available hydrogen production routes that can be Y gy
energy in the form of molecular hydrogen.

classified into biological, chemical, electrochemical, and thermal
categorieg. Most hydrogen is presently made through coal
gasification and by steam reformation of natural gas. These
thermal methods are relatively cheap, but they do not mitigate ~ Near the metatwater interface, selective adsorption of one
difficulties associated with declining world petroleum reserves. type of charge carrier (hydroxide, in the case of pure witef)
Electrochemical hydrogen production methods are quite ad- to the metal nozzle surface creates a potential (Zgtaotential).
vanced and straightforward but are currently very expensive To maintain charge neutrality, counterions (hydrated protons,
(4.5-5.5 KWh/n? Hy).2 in pure water) generate a diffuse layer of charge near the liguid
This paper describes a method for the production of molecular solid interface. The rapid flow of water through the metal nozzle
hydrogen from liquid water by exploiting the electrokinetic Sweeps away the diffuse, mobile layer, such that the emerging
charge separation that can be effected in fast-flowing liquid liquid water jet is positively charged via the unbalanced proton
microjets. The requisite apparatus is very simple and involves concentration. Figure 1 depicts the electrical double layer (EDL)
no moving parts. The input energy is a hydrostatic pressure at the unbiased metal nozzlevater interface as well as the
source, and the hydrogen is produced by potential-driven overlap of the EDL with the velocity profile of the flowing
reduction of water enriched in protons. Proton-enriched water water. Physically, it is the overlap of the charge distribution
is obtained via the electrical charge separation effected by rapidand velocity profile near the solidiquid interface that is
flow of liquid water through a metal orifice. The electrokinetic ~responsible for the streaming current. Quantitatively, streaming
charge separation process also generates electrical power, whickurrents in a circular channel of radiisare described by the
could be harnessed for further electrochemical water splitting. integral of the velocity profile,»(r), and the net charge
The overall efficiency of the electrokinetic power generation distribution, o(r), where fluid velocity and charge distribution
process (chemical electrical) is currently ca. 16 for a single are both functions of the radial distancefrom the interface.
jet orifice, but this may be improved with the design consid- Both ¢(r) andp(r) can be approximated with standard models

Theoretical Background

erations listed below. as outlined belov§ 88.16.17
The principle of electrokinetic current generation is well- R
known3-6 By rapidly flowing partially ionized liquids, for |s=f0 v(r)p(r)2zrdr ()

) *kT? Whgm gﬁrresi)og‘ig”%izsgozlgg be addressed. E-mail: saykally@ The anisotropic charge distribution(r) is the result of the
erkeley.edu. one: - . . .
T Degartment of Che(mist)ry, University of California. formation of an EDL at the metal nozztevater interface. For
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Figure 1. Metal~water interface. (a) Inhomogeneous charge distribu-
tion at a metatwater interface resulting from selective adsorption of
hydroxide ions to the surface. (b) Overlap of charge distribution with
the fluid velocity profile. The arrow height indicates positional liquid
flow velocity in the microjet nozzle. In both panels, the approximate
position of the plane of shear is marked with a dashed line; the zeta
potential €) is the electrical potential at this plane with respect to the
bulk liquid. Pressure-induced flow shears charge from the diffuse layer
and leaves unbalanced negative charges at the metdér interface,
such that the emerging liquid jet is enriched in protons.

is, an electrochemical electrode, the EDL forms as ions of
opposite sign are attracted to the surface while ions of the sam
sign are correspondingly repelled. However, at an uncharged
surface, the EDL is formed as a result of preferential adsorption

of one ion over another. In the absence of any electron-transfer

reactions, overall charge neutrality is maintained across the EDL.
Due to thermal fluctuations, these counterions do not remain
localized near the surface and form the diffuse component of
the double layer. Electrostatic interactions contract the diffuse
layer, while thermal motion tends to expand it. As a result, ions
are arranged according to a Boltzmann distribution

NGy (1) = Nogexp(-ze(r)/k,T) 2
where n, is the bulk solution ion number density, is the
valency and associated sign of ioe is the fundamental charge
constanty is the position-dependent potential js Boltzmann's
constant, andr is the absolute temperature. The net charge
densityp at a given point is the sum of the individual ion number
densities

o =eY zn(n) ®)

For pure water, a very weak 1:1 electrolytg ) = Ng—-) = No
with n, being governed by the autoionization constant of water.
At 298 K, ny has the familiar value of 1.& 10~7 mol/L or
6.02 x 10 cm™3. The position-dependent charge density of
water is given by

p(r) = e(n, — n) = —2en, sinh@y(r)/k,T)  (4)
Poisson’s equation can then be used to relate the position-
dependent potential and the charge distribution

p(r)

VAp(r) = - (®)

Here,e is permittivity of the medium times the permittivity of
free space. Combining egs 4 and 5, while making a flat plate
approximation (change from radial coordinate,to linear
coordinate,x) as well as the DebyeHuckel approximation,
leads to a differential equation for the potential as a function of
position
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d2
T~ o

k is the inverse Debye length, namely, the inverse of the
characteristic double layer thickness

_ [2en,
= ek, T

This simple differential equation for the potential can be readily
solved and implemented to yield the net charge density
distribution, p(X).

Considering the limited thickness of the aperture, the position-
dependent velocity(x) can be easily modeled with a “top hat”
profile. In microchannels, the Reynolds number, defined as

(6)

()

7-d-
Re= Pw

(8)

Mw

wherev is the average bulk velocityl is the aperture diameter,

ePw is the fluid density, andy,, is the fluid viscosity, typically

remains below the commonly accepted value of 2300 for
incipient turbulent flow. However, under fast flowing conditions
this criterion may not always hold true. Fortunately, we do not
need to specifically consider laminar vs. turbulent flow regimes
here because the situation is simplified due to the small thickness
of the Pt/Ir aperture that creates the liquid jet. At the actual
orifice, the Pt/Ir disk (electron microscope aperture: Ted Pella
Inc.) thickness is between 0.69.12 mm. For both laminar and
turbulent flow regimes, equations 9a and 9b give the charac-
teristic length,L, over which developed flow can be expected
to form:8

g% 0.06R, (Iaminar)(a)% ~ 4.4R1 (turbulent)(b) (9)

For all aperture diameters and fluid velocities measured here,
the aperture thickness was insufficient to develop either
completely turbulent or laminar flow. Consequently, entrance
effects dominate, engendering “top hat” velocity profile char-
acteristics. Figure 1b shows the velocity profile near the metal
water interface. The fluid velocity at the watanetal interface

is zero, and there is a laminar sub-layer near the wall. The fluid
velocity increases linearly across this laminar sublayer until it
reaches bulk fluid velocity. Equation 10 describes a gradient
used to model the slope of the velocity increase near the
interfacé16.19.20

(10)

Here,ox is a measure of the laminar sublayer thickness=
116R-Ré-7/8)). Figure 1b also depicts the overlap of the net
charge density with the velocity profile.

Combining the equations for net charge density and velocity
profile into eq 1 and integrating with the appropriate boundary
conditions leads to a compact equation for the streaming céirrent
where the surface potentigl has been replaced by the potential

_ —2nRevg

I OX

(11

S

at the shear plang, that is, the potential at the position of the
immobile adsorbed layer rather than at the metal surface itself.
Plugging in the constants for pure water, the streaming current
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Figure 2. Diagram of experimental setup.

equation reduces tg= —6.8 x 10°6-£-d°87531-875amps where
all units have been previously combined to yield amps.

Experimental Section

Liguid microjets are generated by using a Jasco PU-2089 3

HPLC pump to supply pressurized water to a jet nozzle. The

jet nozzle apparatus is stainless steel and consists of a base uiit

and a compression disk, each with millimeter-scale orifices. Th
micrometer-sized jet aperture is positioned over the base orific

and sealed by tightening the compression disk to the base. J4t
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apertures are platinum/iridium electron microscope apertures Figure 3. Streaming current as a function of jet velocity from ar
(5—20 um diameter) purchased form Ted Pella Inc. Water is aperture. #) experimental data;«) streaming current model (eq 11
fed to the nozzle through PEEK tubing that is vacuum sealed in text) with { = —0.0275+ 0.0004 V & = 0.9933) The data confirm

a nearly quadratic increase in current with fluid velocity, as predicted

isolated on the vacuum side of the flange. Flow rates from the from theory.

acros a 2 3/4 Conflat flange. The nozzle unit is electrically

pump range from 0 to 3 mL/min with pressures from O to 48
MPa (ca. 6-500 atm). Jet velocities are calculated from the
volume flow rate in conjunction with nominal aperture diameter
(velocity (m/s) = flow (m?3s)/area (). The water in all
experiments is Millipore-filtered with a resistivity of 18.2M
cm. DO (99.9% D at 0.77 MR cm) for all requisite experiments

is purchased from Cambridge Isotope Laboratories Inc. and is

used without further purification. Both @ and DO are

nitrogen-purged and degassed prior to introduction into the

HPLC pump.

Streaming currents are measured by connecting the nozzl
to electrical ground through a Keithley 428 Current Amplifier.
The amplifier output voltage is read from a digital multimeter.
Current is measured as a function of jet velocity by changing

the volumetric flow rate, and consequently the backing pressure, M

at the HPLC pump. Streaming currents can be measured botl
in ambient air and in vacuum. When measurements are mad

in air, current can be measured both at the nozzle as well as af
an isolated copper target in the path of the jet. When current is
measured at the target, it is equal in magnitude but opposite in

sign to the current at the nozzle.

To measure hydrogen production, the streaming current
experiments are conducted in vacuum. The experimental setup

diagramed in Figure 2, consists of a jet chamber and an analysi

chamber connected by a Varian precision leak valve. The

Conflat flange with the isolated jet nozzle is attached to the top
of the jet chamber. The liquid jet from the nozzle travels
vertically downward~1 m in vacuum before striking a sealed
off half-nipple, which is immersed in liquid nitrogen to cryotrap

influence of hot filaments, neither ion gauge nor thermocouple

pressure sensors are used during experimental runs.

The analysis chamber contains a Hiden Analytical PSM003
guadrupole mass spectrometer used for residual gas analysis,
and this chamber is pumped by a BOC Edwards turbopump

(~70 L/s) that maintains a base pressure of 20~8 Torr. Gases
from the jet chamber are leaked into the analysis chamber for
mass separation and detection. Before mass separation, mol-
ecules are ionized with 70 eV electrons from the mass

spectrometer’s internal ionization filament. The mass spectrom-

(S

eter is set for multiple ion detection and repeatedly scans

specified masses. A typical scan cycles between masses 2, 3,
4, 18, 19, and 20 (t, HD*, D,*, H,O", HDO", and O,

respectively). Each ion is collected on a Secondary Electron
ultiplier (SEM) for 100 ms, and the signal is then scaled to

houtput counts per second. The ion signals are also adjusted to

€,

account for differences in electron impact cross section. Counts/
econd for each charge to mass ratio are plotted against the time
at which each measurement was collected.
For hydrogen generation experiments, the compositio®(H
D,0) and the velocity of the liquid jet are varied while the mass
spectrometer collects data for the specified masses. An electrical
feed-through allows for simultaneous measurement of the current
Sat the nozzle. The relatively large;Hbackground present in
any ultrahigh vacuum (UHV) chamber interferes with the

detection of H generated by the liquid microjet. However, there
is no corresponding Por HD background and £ jets can be
employed to characterize electrokinetically generated hydrogen.

liquid water. Three in-line liquid nitrogen traps separate the main Regults and Discussion

part of the jet chamber from the leak valve. A Leybold-Heraeus
turbo pump €140 L/s) is used to pump the jet chamber. The

Figure 3 shows the results for streaming current measurements
three in-line liquid nitrogen traps effectively remove all water from a 5um diameter water jet running in air, with eq 11 used
and other condensables before they reach the analysis chambeto fit the experimental data. Although the fit to the experimental
Hydrogen produced in the jet chamber can traverse the cryotrapsdata is excellent, th§ potential is not faithfully reproduced

in diffusing to the analysis chamber. The pressure above thebetween different jets and apertures. However, it should be noted
jetis in the submillitorr range and drops across the in-line traps that these experiments are not well-suited to obtain an accurate
to ~107% Torr near the leak valve. To avoid the complicating measure of th& potential for a waterPt/Ir interface. Unfor-
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Figure 4. Mass spectrometer signals for hydrogen and water isotopes as liquid jet composition is switched@d¢ér-A min) to DO (7—31

min) and back to KO (31—47 min). Black— H,*, Red— D,", Blue — HD™, Brown — H,O", Yellow — D,O", and Green—- HDO™ data were

collected with a 1Q«m diameter jet flowing at 0.5 mL/min. Note that isotopic hydrogen signals follow jet composition while the oxygen-containing
water signals are invariant.
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tunately, large uncertainties in aperture diameter, and thereforea steady level very early in the channel. The excess ions in the
velocity, require thel potential to be treated as a fitting fluid flow are able to equilibrate with the EDL further down
parameter rather than as a meaningful physical measurementthe channel to inhibit further electrification and preclude any
Gavis and Kosman as well as Faubel indicate tRatynder streaming current length dependence.
dynamic conditions, the distance over which charge separation When pure water is used as the electrolytic solution, streaming
exists is contained within the laminar sublayer; that is, the charge currents are inevitably produced from the separation of hydro-
density distribution used to derive the streaming current equation nium (or other forms of the hydrated proton) and hydroxide
may not be correct. It is unclear whether or not the double layer ions. As the current from ground to nozzle is positive, the
thickness is contracted under dynamic conditions. However, potential must be negative, with excess negative charge existing
since the value for the& potential is adjusted to fit the  atthe metatwater interface. Thus, it is the hydroxide ions that
experimental data, it is also adjusted to compensate for anypreferentially collect at the interface, with excess hydronium
charge distribution contraction. ions in the diffuse layer. Fluid movement carries hydronium
A thinner double layer or double layer contraction can also ions downstream and concentrates hydroxide ions in the nozzle.

be invoked to justify the use of the flat plate approximation The excess c_harge creates a potential in the nc_)zzle that ind_uces

rather than cylindrical coordinates. For the present conditions, these hydroxide ions to discharge at the Pt/Ir interface. Anion

the radius of curvature of all aperturesg um) is likely to be dlsch{:\rge at the |nterface fprces electrqr]s from the nozzle to

large compared with the contracted or true double layer thicknesselectrical ground and gives rise to the positive currents observed.

(<1 um). As attempts to fit the streaming current data using The liquid emerging from the aperture is positively charged due

cylindrical coordinates failed to yield an improvement, a one- t0 excess hydronium ions. When this charged liquid beam

dimensional model is presumed adequate in describing the€ncounters a grounded metal target electrode downstream,

charge distribution. Although the structure of eq 11 was first electrops flow from the electrode into the sqlutlon, reduce the

derived for more macroscopic fluid flows, it faithfully repro- hydronium, and generate hydrogen, according to the process

duces our experimental data for liquid water microjets. In spite N _

of the difficulties in measuring the actualpotential, eq 11, as 2H" +2e —H,

well as analogous equations using similar velocity profiles, fit

the experimental data very well and confirm that the streaming Hydroxide ions that remain in the jet aperture may generate

current scales nearly quadratically with flow velocity. the observed positive nozzle current from ground to nozzle via
It should be noted that eq 11 is independent of channel length.the process

This observation is consistent with the fact that the time scale

for double layer formation<1 ns) is much faster than the time 20H —H,0+ l/202 + 2e

it takes the water to traverse the channell (us)>?? that is,

the excess charge shorn from the interface builds up and reacheslowever, we have no direct measurements to support this at


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp072994m&iName=master.img-003.jpg&w=431&h=317

Electrokinetic Hydrogen Generation J. Phys. Chem. C, Vol. 111, No. 32, 200122035

flow rates (mL/min)

9000 0.2 05 0.1 0.4 06 03 400
t—— P —————p——p——p——»

8000

Counts/s
(Yu) Juaumny

0:.00 10 020 0:30 040 050 1:00
Time (h:mm)

Figure 5. D;* and current measurements from a/i@ jet at varying jet velocities (flow rates indicated at the top). Primary axis (E2d) and
D,O" (blue) mass spectrometer signals. Note thé Slgnal changes with jet velocity while the;D" is invariant. Secondary axis: electrokinetic
current @) measured at nozzle. The;Dsignal is found to be proportional to the current, that is, both scale nearly quadratically on flow velocity.

the present time, and more complicated reactions may well bethat has been produced by these two mechanisms, they cannot
involved. It is observed that a single jet can be run for account for the experimentally measuregdadd D signals. The
approximately 10 h before there is a noticeable increase in H,O", HDO", and DO signals in Figure 4 show no observable
diameter. The diameter increase may be due to electrochemicathange as the liquid composition varies froCHo D,O and
corrosion of the metal or it may be due to simple erosion. back. These flat signals imply that the marked changes found

Figure 4 shows mass spectrometer signals for an experimentin the corresponding ¥, D,*, and HD' signals are not being
using a 10um diameter jet with a constant flow rate of 0.5 produced at the hot filament or by fragmentation. Since there
mL/min. During the course of the experiment, the jet composi- is roughly a three orders-of-magnitude difference between the
tion was varied from pure #0 to pure BO and then back to  electron ionization cross sections for production e and
H,O. As charged ice builds up at the target electrode, the Hy" from H,O (similar for D,O),?% changes in the #t, D,™,
potential rises and drives increasing proton neutralization; and HD" signals originating from fragmentation would un-
consequently, the H signal increases. After 7 min, the avoidably be associated with changes in the corresponding water
composition of the jet was changed to purgdDhowever, the signals. Similarly, isotopic changes in hydrogen that is formed
response is delayed while the,® travels to and fills the at the hot filament would require corresponding isotopic changes
relatively large internal volume~3 mL) of the nozzle apparatus. in the water background. The flat,8*, D,O", and HDO
The K" signal then decreases, while the HBignal increases.  signals confirm that the condensable vapors from the jet chamber
As the mixing continues, the HDsignal reaches a maximum are effectively removed by the liquid nitrogen traps before
and then decreases while thetDncreases. After 31 min, the  entering the analysis chamber and, consequently, that the
jet composition is returned to pure® and the process is shown observed hydrogen signals originate from the gas produced in
to be entirely reversible. the jet chamber.

The H', D,*, and HD" mass spectrometer signals are all Figure 5 shows the fD* and D;* mass spectrometer signals
characterized by intermittent spikes that confirm the production as a function of time and at various jet velocities.tAt 0, the
of molecular hydrogen at the jet target. The liquid-nitrogen- jet flow was reduced to 0.2 mL/min. Afterward, the puregdD
cooled trap becomes coated with insulating layers of ice that jet was operated for 10 min at each of the flow rates indicated
separate what is essentially a charged icicle from the electrically (0.2, 0.5, 0.1, 0.4, 0.6, and 0.3 mL/min). Again, the"Bignal
grounded electrode. As the icicles collapse under gravity, or shows an irregular spiky pattern that indicatesf@mation as
when the potential reaches a point where discharge through thethe charged icicles collapse and/or discharge to the grounded
ice becomes possible, a spike of hydrogen is observed. In otherelectrode surface. Despite the fact that unpredictable ice build-
experiments (not shown), hydrogen production closely followed up and discharge give large spikes and depressions, there is an
the current measured at the target, including the spikes.obvious step pattern in the,D signal as the flow rate is
Similarly, the same hydrogen production patterns were observedincreased or decreased. Again, th®D signal remains constant
(without spikes) when the target electrode was warmed to avoid throughout the experiment, indicating that I3 not formed in
icicle buildup. These experiments rule out lightning bolt the analysis chamber.
discharge in the charged ice as the only causative hydrogen The current at the nozzle is also plotted in Figure 5 (secondary
production method. axis). As expected, there is a clear relationship between the D

Although the mass spectrometer uses a hot filament to signal and the electrokinetic current. A plot of the averagé D
generate electrons that are subsequently accelerated to 70 e\gignal vs average current for each flow rate gives a straight line,
and used to ionize sample molecules, it is not possible that thethat is, the hydrogen production exhibits the same (nearly
hydrogen signals observed in Figure 4 resulted either from quadratic) velocity dependence as the electrokinetic current.
cracking of water on this hot filament or from fragmentation of While the present experiment was designed to measure
water with 70 eV electrons. Although a certain percentage of hydrogen production from electrokinetic streaming currents, it
the H, background in the chamber originates from residual water also gives indirect insight into the nature of the unbiased Pt
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water interface. In general, any contact between two materialsflow values, and electrode bias will yield higher efficiency as
with different chemical potentials (i.e., work functions) will  well. Future experiments will focus on improving the chemical
induce charge transfer from one to the other until equilibrium efficiency with different aperture materials and fluid composi-
is reached and the chemical potentials become equal. On theions as well as by elucidating the mechanism by which anions
basis of the sign of the measured streaming currents, as well agre neutralized at the metal waténterface.

the observation that hydrogen gas is produced at the target, it

is logical to conclude that hydroxide binds more favorably to  ~gnclusion

the platinum surface, with partial charge transfer of electrons

into the metal. While hydrated protons have recently been shown The electrokinetic streaming currents generated from water
to adsorb preferentially to the wateair interface?* hydroxide flowing through micrometer-sized Pt/Ir apertures can be modeled
ions are known to adsorb preferentially to metal surfaces becausesery well with eq 11. As evident from the experimental data,
of the very large induction interactions attending their large as well as the fitting equation, the streaming current scales nearly
dielectric constant¥>!3 Recent calculations indicate that hy- quadratically with fluid velocity. The physical origin of the
droxide W|” contact a.dsorb.to silver W|th Charge transfer to the Streaming current is the Over|ap of a hydrodynamic Ve|ocity
metal, while hydronium will adsorb in a solvated stété? gradient with the electrical double layer formed at the Water
Hydrated protons in the diffuse layer would balance the charge jnterface. Although the present experiment did not give direct
from surface hydroxides; however, as the diffuse layer is sheared;ntormation about the Ptwater interface, the data indicate that

away from_ the S“ffé‘cez charge n_eutrality is lOSt. an_d the the EDL is formed as hydroxide anions adsorb more favorably
corresponding potential increase drives the hydroxide ions to to the Pt surface than do hydronium cations, as supported by

discharge fully into the metal. Consequently, electrons flow from literature resultd?15> Pressure-driven flow creates a velocity

the jet nozzle to ground and the streaming current is measured ™ S
to be positive. As streaming currents at the jet target electrode profile that shears charge, the hydrated protons in this case, from
the diffuse double layer and carries it out of the aperture. The

and hydrogen production can be measured irrespective of ; ) .
whether the nozzle is floating or grounded, it should be noted pressure-induced separation of charge creates large electrical

that hydroxide ions can back conduct through the liquid; potentials that subsequently cause the ions to be neutra}lizgd at
however, unless necessary, this process is expected to be smalhe grounded target electrode or in the nozzle. Neutralization
due to the large resistance TeraQ). (reduction) of the hydronium ions at the target electrode
As hydrogen production was also observed from molybdenum produces gaseous hydrogen molecules. It is suspected that
apertures, it is unlikely to be a result of any catalytic properties 0xygen is formed by oxidation in the jet aperture; however, we
of the Pt/Ir aperture. Gavis and Koszman indicate that there is could not detect oxygen with the present experimental design.
little difference between electrokinetic charge generation rates The hydrogen produced from electrokinetic streaming currents
between different metafs. reversibly follows fluid composition as the jet is switched
Considering the fact that most of the hydrogen produced at between HO and RO. Hydrogen production also follows jet
the grounded target electrode is pumped out of the chambervelocity, with corresponding increases/decreases in hydrogen
before detection, the efficiency of the energy conversion processProduction as jet flow rate increases/decreases. As could be
could not be directly measured from the mass spectrometerexpected, there is a direct linear relationship between the
signals. However, as hydrogen production is directly related to Streaming current and the amount of hydrogen produced. The
the measured current, the current can be used to obtain ordePresent efficiency for hydrogen generation is ca-éut can
of magnitude estimates for efficiency. For aufn aperture ~ be improved by several design considerations.
flowing at 0.34 mL/min, the backing pressure is about 10 MPa
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